The presence of a specific thyroxine-binding protein in human serum was first suggested from studies by Gordon, Gross, O'Connor, and PittRivers (1), employing zone electrophoresis. Although such a protein has not yet been isolated, certain of its properties may be determined in unfractionated serum when the specific protein has been labeled with thyroxine-I'11. In this way, it has been demonstrated that this protein has: 1) an electrophoretic mobility at pH 8.6 (1) (2) (3) (4) (5) , as well as at pH 6 and 7.6 (5), intermediate between alpha-i and alpha-2 globulins, 2) an electrophoretic mobility at pH 4.5 similar to the "M-2 proteins," or alpha-2 glycoproteins, of serum (6) , and 3) a sedimentation rate in the ultracentrifuge of approximately 3.3 Svedbergs (7) .
In the present study, this technique has been applied to an investigation of the thyroxine-binding capacity of this specific protein.
MATERIALS AND METHODS
Serum was obtained after an overnight fast from six normal young adults-three men 4 and three women; from one young woman with Graves' disease; and from 'This work was supported by a grant from the Damon Runyon Memorial Fund for Cancer Research, a grant from the American Cancer Society, and a contract with the Atomic Energy Commission, No. AT (30-1)-910. 2 Present address: National Institute of Arthritis and Metabolic Diseases, National Institutes of Health, Bethesda, Maryland. 3Alfred P. Sloan Foundation Scholar. 40ne subject had ulcerative colitis, and had received a trial course of diiodoquine therapy, which had been stopped 3 months before the serum was obtained. This was discovered in retrospect, when a serum protein-bound iodine value of 19 micrograms per 100 ml. was found. The serum thyroxine level which was used in the calculations was determined by a repeat iodine determination on serum obtained 2% months later, at which time the serum protein-bound iodine was 4.3 micrograms per 100 ml. The data of this experiment are included since they did not differ significantly from those in other experiments.
one young man with cretinism, who was being maintained in a euthyroid state by triiodothyronine administration. The serum was stored in the frozen state until used.
Synthetic L-thyroxine, labeled with I131,5 was diluted with appropriate quantities of n-butanol, and evaporated to dryness in vacuo without heating. Serum was then added, so as to produce a wide range of thyroxine concentrations in the serum from each subject. The serumthyroxine mixtures were allowed to stand for 15 to 20 hours at 40 C. and then were stored in the frozen state. The concentration of thyroxine in the serum-thyroxine mixtures was determined by analysis of total iodine in the synthetic thyroxine preparations, and of proteinbound iodine in the original serum, by a modification of the method of Barker (8) . (It was assumed that all of the iodine so measured was in the form of thyroxine.) Recovery of labeled thyroxine after drying was assessed by comparing the radioactivity in each serum-thyroxine mixture with that in a portion of the original butanol solution. These measurements were performed with a well-type scintillation counter. The recoveries were usually between 85 and 100 per cent, but occasiontal values as low as 30 per cent were obtained. The latter occurred at very low dilution of the original thyroxine solution, and may be related to the fact that this original material contained a greater solid residue after evaporation than did the butanol added as diluent. Thus, this factor was present only at the highest thyroxine concentrations.
A total of 9 experiments were performed on the six normal sera, using 6 separate batches of thyroxine-I'31. In all, 64 individual determinations of thyroxine-binding were done. The endogenous serum thyroxine levels varied from .05 to .08 microgram per ml., and the total thyroxine levels varied from .06 to 8.8 micrograms per ml.
In order to obtain data for serum thyroxine levels lower than normal, the serum from a cretin was employed. This patient had been maintained on daily doses of 0.2 mg. of triiodothyronine for the preceding 2 months, so that his serum protein-bound iodine level was low 5L-thyroxine was obtained through the courtesy of Smith, Kline and French Laboratories, Philadelphia, Pa The purity of the thyroxine-I13' preparations was evaluated by paper chromatography with techniques described elsewhere (4) , except that a continuously recording counting rate meter was used (see below). Each batch was chromatographed in a n-butanol-2,4-dioxane -2N ammonia system (9) , and some in a n-butanolprimary amyl alcohol-2N ammonia system (4) Each serum-thyroxine mixture was studied by zone electrophoresis in filter paper at pH 8.6 (barbital buffer, ionic strength 0.1), by techniques described elsewhere (4, 6) . The distribution of radioiodine among the various serum protein components was determined by counting the strips with a thin mica-window Geiger-Mueller tube and a continuously recording counting rate meter. The counting aperture was a 1 X 2.7 cm. rectangle. Since the area under the curves obtained with the counting apparatus was proportional to the quantity of radioactivity on the paper strip, the amount of I131 in the protein fractions could be measured by planimetry. In 2 experiments, the strips were stained prior to counting. Since this procedure resulted in a slight under- 6 The thyroxine-serum mixtures were applied directly to the paper strips without prior extraction (4) . 7 The authors wish to thank Dr. A. Heming of the Smith, Kline, and French Laboratories for these analyses.
estimation (approximately 10 per cent) of radioiodine in alpha globulin, due to a relatively greater loss of this component during washing, all subsequent radioiodine measurements were performed prior to staining.
In the results which follow, total serum thyroxine concentration represents the sum of endogenous and added thyroxine. Thyroxine bound to alpha globulin, or to albumin, was calculated as the product of total serum thyroxine and the fraction of total serum radioiodine associated with the protein in the electrophoretic analyses. Figure 1 Synthetic thyroxine-I'3' was added to normal serum, producing the total serum thyroxine levels indicated in the figure. In each instance, a continuous recording of the radioactivity on the paper strip (lower portion), is compared with the stained protein components on the same paper strip (upper portion). The the first protein band. A small band of radioiodine also is present with a mobility just faster than albumin. This is thought to represent an impurity in the thyroxine-I13' preparations, since it has not been observed in sera in which thyroxine has been labeled by endogenous synthesis.
RESULTS
As the thyroxine content of the serum is increased, thyroxine-I'3' becomes increasingly associated with albumin. The proportion in the alpha globulin area becomes less, while that in the beta and gamma globulin areas, as well as that in front of albumin, remains relatively constant.
In some experiments at very high thyroxine concentrations, larger amounts of radioiodine (15 to 35 per cent of total I131) were found in the gamma globulin, area, and, especially, in the form of a rather sharp band at the point of application. This appeared to represent thyroxine displaced from albumin during electrophoresis, since in these experiments the albumin thyroxine contents were somewhat lower. Free thyroxine would be expected to behave in this way (1) .
Although an excessive proportion of immobile plus gamma globulin thyroxine-I'13 (more than 15 per cent of total 1131) was found in only 6 In Figure 2 , the concentration of thyroxine in alpha globulin in the normal sera, and in the cretin under triiodothyronine therapy, are plotted against total serum thyroxine on logarithmic coordinates. The data presented are not classified according to the individual experiments (see Materials and Methods), since there appeared to be no significant variation between the various sera or batches of thyroxine. The serum fronm the cretin, however, is distinguished from the normals. It is apparent that the concentration of thyroxine in alpha globulin continues to increase throughout the range employed. The data, however, appear to fall into two 4 .82 and 12.3 micrograms of iodine per 100 ml. This is to be compared with the normal serum protein-bound iodine level of 4 to 8 micrograms per 100 ml.
In Figure 3 , the concentration of thyroxine in albumin is plotted against total serum thyroxine on logarithmic coordinates. For those experiments in which more than 15 per cent of the total radioactivity was present in the gamma globulin area and at the origin of the paper strips (see above), an approximate correction for thyroxine displaced from albumin was provided by adding to the observed radioiodine in albumin that amount in gamma globulin plus origin which was in excess of 10 per cent. A total of 12 points in Figure 3 were corrected in this manner, and 8 of these were at total serum thyroxine levels greater than 1.0 micromole per liter. There again appear to be two components defined by these data, but the slopes differ so little that it is impossible to be sure of this and no statistical treatment was attempted.
The data for thyroxine in beta and gamma globulins have not been subjected to analysis, inasmuch as they are likely t-o be in considerable error due to adsorption of albumin-thyroxine, and possibly alpha globulin-thyroxine, on the paper in these areas. Experiments with purified bovine gamma globulin (11, 12) have indicated little or no binding of thyroxine.
In the calculations described thus far, it has been implied that equilibrium had been reached between the endogenous serum thyroxine and added thyroxine, and that there was free exchange between these. These assumptions were tested on the serum from a patient with hyperthyroidism. This patient had classical Graves' disease, complicated by auricular fibrillation, and her disease was under partial control with propylthiouracil. (The serum thyroxine level was 0.14 microgram per ml.) Serum was obtained 48 hours after the admninistration of a therapeutic dose of radioiodide. Chromatographic analysis of the serum Il-31 (see above) indicated that 82 per cent of it was in the form of thyroxine. Five per cent behaved like iodide, 3 per cent like triiodothyronine, and 10 per cent remained at the origin, and may have been thyroglobulin (13) . The thyroxine content of this serum was altered by the addition of unlabeled synthetic L-thyroxine, otherwise following the procedure for the normal sera. A recovery of 100 per cent of the added thyroxine was assumed for the calculation of total thyroxine content.
A second portion of the same serum was stored until the endogenous radioiodine had decayed to negligible proportions. Thyroxine-I13' was then added in the same way as with the normal sera.
The results of these experiments are presented in Figure 4 . It can be seen that the data are similar, whether the radioactive label was on the endogenous thyroxine or on the added thyroxine. (In the case of the two highest points obtained with exogenously labeled thyroxine the recovery of added radioiodine was 40 and 66 per cent.) These results appear to justify the assumptions of equilibrium and free exchange between endogenous and added thyroxine, and, in addition, indicate that natural and synthetic thyroxine behave similarly under the conditions employed. It is uncertain whether the values obtained with this single hyperthyroid serum differ significantly from those obtained with normals.
DISCUSSION
It is apparent from the data in Figure 1 that the specific thyroxine-binding protein (TBP)9 has a limited capacity to combine with excess quantities of thyroxine added to serum. Similar findings have been reported by Albright, Larson, and Deiss (14) , and by Horst (15) . Evaluation of the thyroxine-binding capacity of this protein, however, is beset with certain difficulties. In contrast to iron-binding phenomena in serum (16) , for example, when the TBP has become saturated, binding of thyroxine to other serum proteins, notably to albumin, occurs. With the techniques 9 The possibility exists that the specific thyroxinebinding protein referred to throughout this paper may in fact be a mixture of proteins. If such were the case, the term "thyroxine-binding protein" would more properly be described as the "thyroxine-binding sites" which are important at low serum thyroxine concentration.
employed in the present study, it has not been possible to isolate TBP from the other alpha globulins. In addition, it has been shown (17) that albumin (and thus any thyroxine which is bound to albumin), is adsorbed to the paper in the path of albumin migration.
It will be evident that the binding between thyroxine and TBP could not be evaluated in the usual manner (18) , as has been done in the case of thyroxine and bovine serum albumin by Lein ( 19) . In the present experiments, neither the concentration of TBP nor the concentration of unbound thyroxine were known, and purified TBP has not been available.
The use of a log-log function to describe the relationship of total serum thyroxine to thyroxine in alpha globulin was employed because it was the simplest function which fit the experimental data. This treatment lent itself to statistical analysis, and thus was of value, in the accompanying paper (20) , as a basis for comparing the effects of various thyroxine analogues on thyroxine-binding in serum. A log-log relationship as a means of describing protein binding, although sometimes used, is of questionable physical significance with regard to the present data, and at very high or very low concentration of thyroxine, patently fallacious.
The occurrence of a shift in the proportions of thyroxine in the alpha globulin and albumin areas might be taken as an indication of saturation, or of beginning saturation, of the TBP. This takes place at a serum thyroxine level approximately 2 to 3 times normal, at which point the value for thyroxine in alpha globulin is 60 to 80 per cent of the total serum thyroxine. The corresponding values for the intersection of the two components in Figure 2 are considerably lower, but their significance with respect to the thyroxine-binding capacity of TBP are problematical. The values by both criteria are lower than the thyroxinebinding capacity of TBP estimated by Albright, Larson, and Deiss (14) for normal serum. While their value of 0.4 to 0.5 microgram per ml. for thyroxine in alpha globulin at saturation was based upon different criteria, it is to be noted that they assumed, probably incorrectly, that all of the endogenous thyroxine remained fixed to TBP during the analyses. When their data are recalculated, assuming equilibrium between endogenous and exogenous thyroxine, and an endogenous thyroxine level of 0.1 microgram per ml., the normal thyroxine-binding capacity of alpha globulin is approximately 0.3 microgram per ml., and is closer to the value indicated by the present study.
In contrast to the findings of Albright, Larson, and Deiss (14) , the concentration of thyroxine in alpha globulin in the present study did not reach a plateau, but continued to increase throughout the range of thyroxine levels examined. This increase might be due to the binding of thyroxine to secondary sites on the alpha globulins, possibly on TBP itself. It might also be due to albumin-bound thyroxine which becomes fixed to the paper in the alpha globulin area. Preliminary experiments (21) have indicated that the latter alternative plays an important part in this phenomenon. In this regard, it may be of significance that Albright, Larson, and Deiss employed a different type of filter paper than that used in the present experiments.
The results of the present experiments can be considered valid only for the particular techniques used. It has not been established whether these results may differ when the binding phenomena are observed at different pH, in other buffers, or by techniques other than zone electrophoresis.
SUMMARY
The thyroxine-binding capacity of the specific thyroxine-binding protein (TBP) in normal serum has been studied by the use of thyroxine labeled with P-31, and zone electrophoresis at pH 8. 6 . It has been shown that this protein has a limited capacity to bind thyroxine, but the measurement of the actual binding capacity was complicated by the fact that excess thyroxine is bound to other serum proteins, notably to albumin, and the fact that the TBP could not be isolated from the other alpha globulins. It appears likely, however, that saturation of TBP occurs at serum thyroxine levels at least 2 to 3 times normal.
